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Introduction
The existence of strong absorption lines for polluting gas (CH 4 , CO 2 , CO, ...) in the mid-infrared (MIR) wavelength range beyond 2 µm presents a great interest for Corresponding author: christyves.chevallier@supelec.fr spectroscopic measurements. Due to their particular properties, VCSELs appear as stable, compact and very efficient light sources for such an application [1, 2] . Microcavity VCSELs traditionally include two distributed Bragg mirrors (DBR) which can be fabricated with semiconductor or dielectric materials. In this wavelength range, due to a relatively low index contrast (∆n ∼ 0.5), one semiconductor DBR must contain at least 20 pairs of quarter-wavelength layers to reach minimum reflectivity (R > 99 %) required for Room Temperature (RT) laser operation [3] . Moreover, such reflectors usually provide bandwidths as large as 300 nm [3] but are polarization independent which can alter the stability of emitted light by brutal polarization switches and mode competitions [4] . Furthermore, the thickness of such DBR mirrors increases with the wavelength. Since the number of layers for one DBR has to be larger than 40 to keep a high enough reflectivity and a 300 nm-large bandwidth, in the MIR range, the total thickness of VCSELs can become as high as 15 µm for an operating wavelength of λ = 2.5 µm [5] which impairs the electro-thermo-optical stability of the device.
For λ ≥ 2.3 µm, the best performances were obtained with devices developed from the AlGaInAsSb semiconductor material system. Two different electrically pumped VCSEL structures, an all-epitaxial monolithic microcavity and an hybrid one, have been recently successfully developed for an emission at λ ≥ 2.3 µm. The all-epitaxial monolithic structure [6] is made of two Te-doped AlAsSb/ GaSb DBRs and an n ++ InAs(Sb)/p ++ GaSb tunnel junction. This laser structure operates at RT in a CW mode near 2.3 µm [5] and in quasi-CW (5 %, 1 µs) up to 2.63 µm [7] . The hybrid structure contains a top dielectric mirror and a buried tunnel junction and operates in CW emission at RT in the 2.4 µm -2.6 µm wavelength range [8] . However, due to the abscence of polarization selectivity in the structure, both of these VCSELs are likely to present hopes during laser operation.
One solution to provide a polarization selectivity is the replacement of the top cavity DBR by a sub-wavelength grating mirror (SGM) [9, 10] . Furthermore, a SGM with a low index sublayer which increases the reflectivity of the grating [11] is thiner than a DBR for an equivalently wide spectrum thus providing better electro-thermo-optical stability. Moreover, owing to its one dimensional symmetry, such a mirror provides a polarization selectivity of the reflected light. Thus, with both these qualities, the integration of a SGM in mid-IR operating VCSELs appears as very promising to improve the beam quality and increase the wavelength of emission of such devices.
Such mirrors operate by excitation and reflection of transverse modes which propagate in the grating direction [12] . Their reflectivity is not straightforward [13] and must be numerically computed by methods such as Rigorous Coupled-Wave Analysis (RCWA) [14] or FiniteDifference Time-Domain (FDTD) [15] . This is the reason why the design of the SGM characteristic lengths is still an important issue [11] .
In this paper, an automated optimized design of SGM mirrors for applications in the mid-IR wavelength range is proposed. The optimization is performed by the carefully definition of a quality factor which reflects the characteristics that a SGM has to meet for efficient integration in VCSEL structures. This quality factor is then optimized thanks to a genetic algorithm [16, 17] . In the following, the section 2 is devoted to the definition of the quality factor and the means used for its maximiza- In order to prevent mode hopping, the mirror must also be polarization selective. The reflection coefficient of the transverse electric mode R T E was therefore set to reach a maximum value of 90 % over the whole bandwidth, so as to assure the device to lase only in the TM mode. The bandwidth has also been centered at λ 0 where the VCSEL structure has been optimized.
In addition to these requirements, the mirror optimization is made under technological constraints. The first one is the photolithography resolution which limits the size of the filled and etched lengths of the grating (L f
and L e on Figure 1 ). A minimum value of 500 nm was set for each one so as to ease the lithography process.
The second limitation is the shape factor SF defined as the etched length L e to grating thickness T g ratio, which
is kept at a minimum value of 0.9. This means that the optimization retains only the designs with wide grooves since a squared pattern is easier to etch than a deep one.
The simulation of the device is computed in Sage [18] by a stable Rigorous Coupled-Wave Analysis software [14, 19] (RCWA) which finds an exact solution of Maxwell's equations for the electromagnetic diffraction problem. It is thus possible to compute the reflection efficiency of any periodic structure at the 0-order of diffraction and to numerically evaluate reflection spectra for both TM and TE mode in the mid-infrared wavelength range.
A numerical analysis of such a computed numerical spectrum can be made to quantitatively assess the mirror performances according to the above mentionned criteria. We thus propose to define the quality factor Q as follows :
The polarization selectivity of the grating is set by selecting the range of wavelengths λ around λ 0 for which R T M is higher than 99.9 % and R T E is lower than 90 %.
The centering of the bandwidth around λ 0 is made by The reflector presented on Figure 1 is a combination of a subwavelength grating of silicium and two quarter-wave layers of silicium and silica which increase the reflectivity to very high values of 99.9 %. The SGM is on top of a silica low index layer as described in [11] . The choice of silicium is made in regard to its well known properties and ease to process. The substrate corresponds to the GaSb match layer of the final VCSEL with an optical index of 3.9. During the optimization, the pattern 
sizes L e and L f are allowed to vary between 0.5 µm and 1 µm while thicknesses T g and T L are only limited below 1 µm. These are severe constraints for the optimization algorithm which would rather lead to thiner patterns of less than 260 nm for a small shape factor SF of less than 0.4 [11] .
The optimization returns a design ( However, it can be noticed that the optimization suggests that the silica sublayer be as thin as possible.
Therefore, and though it impairs the use of a selective etching process, we have tried our optimization method on a second design from which the silica sublayer has been removed (Figure 4a ). Despite higher tolerances and the absence of nanometric sublayer, this second mirror requires to precisely control the etching process since the shape factor is smaller (SF = 0.9) and no selective etching method can be used. (Table 1 and 2). The arrow on the graphs points the optimized grating period presented previously.
For both designs, the quality of the mirror increases for periods shorter than the optimal one. The mirror with a silica sublayer presents a bandwidth (Figure 5a) as large as 335 nm for a 1.068 µm period (∆λ/λ 0 = 14.9 %) which is more than twice the values found by the optimization. The reason why such designs are not retained by the optimization algorithm is that they have smaller etched lengths, here L e = 0.553 µm, and since the grating thickness T g is kept at its optimal value of 0.715 µm, the shape factor SF becomes as low as 0.77, which is forbidden by our constraints. This confirms that constraints are severe and more performant designs can be found with a smaller shape factor [11] .
The second phenomena is that the bandwidth becomes higher than 99.99 % for longer periods. 
